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Deoxyribonucleic acid (DNA) has been applied as a versatile building material for constructing various nanoarchitectures in a bottom‐up approach because of its unique self‐recognition and its suitability to be chemically modified. The flexibility and programmability provided by DNA allows dynamic functional architectures to be established that can respond to different stimuli, such as pH,[1](#anie202003991-bib-0001){ref-type="ref"} oligo(deoxy)nucleotides (ODNs),[2](#anie202003991-bib-0002){ref-type="ref"} light,[3](#anie202003991-bib-0003){ref-type="ref"} and temperature.[4](#anie202003991-bib-0004){ref-type="ref"} Among them, thermoresponsive systems that fully depend on the thermodynamic stability of DNA have been reported in living organisms,[5](#anie202003991-bib-0005){ref-type="ref"} illustrating their high potential for biomedical applications. In recent years, thermoresponsive DNA architectures have been widely used as sensors,[2](#anie202003991-bib-0002){ref-type="ref"}, [3](#anie202003991-bib-0003){ref-type="ref"}, [4](#anie202003991-bib-0004){ref-type="ref"} DNA nanothermometers,[4c](#anie202003991-bib-0004c){ref-type="ref"} for cargo‐delivery,[4b](#anie202003991-bib-0004b){ref-type="ref"}, [4d](#anie202003991-bib-0004d){ref-type="ref"}, [4f](#anie202003991-bib-0004f){ref-type="ref"} and as temperature‐sensitive hydrogel.[4e](#anie202003991-bib-0004e){ref-type="ref"} However, the thermoresponsive mechanism of DNA architectures relies on the breakage of hydrogen bonds between nucleobases and the unwinding of double‐stranded DNA (dsDNA) at specific temperatures, which often leads to their partial or complete disassembly[4a](#anie202003991-bib-0004a){ref-type="ref"}, [4c](#anie202003991-bib-0004c){ref-type="ref"}, [4e](#anie202003991-bib-0004e){ref-type="ref"}, [4f](#anie202003991-bib-0004f){ref-type="ref"} and requires special annealing methods to reverse the process and yield the original nanosystems.[4c](#anie202003991-bib-0004c){ref-type="ref"}, [4e](#anie202003991-bib-0004e){ref-type="ref"}

DNA catenanes are stable mechanically interlocked structures that provide an ideal platform for overcoming these limitations. In recent years, DNA catenanes have been widely used as switchable joints,[6](#anie202003991-bib-0006){ref-type="ref"} reversible logic circuits,[1c](#anie202003991-bib-0001c){ref-type="ref"} and molecular motors[7](#anie202003991-bib-0007){ref-type="ref"} because of their mobility. Unlike static DNA architectures, DNA catenanes consist of two or more individual DNA rings that are connected through mechanical bonds that permit high rotational degrees of freedom and allow them to move independently relative to each other.[7a](#anie202003991-bib-0007a){ref-type="ref"}, [8](#anie202003991-bib-0008){ref-type="ref"} Previous studies showed that DNA catenanes can be reversibly switched between a static hybridized (Cat^hyb^) state and a mobile non‐hybridized mechanically interlocked (Cat^mec^) state through different stimuli, such as ions[6a](#anie202003991-bib-0006a){ref-type="ref"} and pH changes,[6a](#anie202003991-bib-0006a){ref-type="ref"} or by means of strand displacement.[1b](#anie202003991-bib-0001b){ref-type="ref"}, [8](#anie202003991-bib-0008){ref-type="ref"} However, thermal stimuli have not yet been used for controlling the conversion from a Cat^hyb^ to a Cat^mec^ by selectively melting only the hybridizing portion between the rings constituting the hybridized and mechanically interlocked nanostructure, instead of dehybridizing the complete catenane structure. Herein, we present the design, synthesis, and characterization of a group of DNA nanostructures with thermal‐responsive junctions. The described thermal‐responsive DNA \[2\]catenanes consist of two interlocked dsDNA rings that are hybridized with each other through a pair of single‐stranded regions (ss‐regions) on each DNA ring and can reversibly interchange between the static and the mobile state at different temperatures.

The assembly of the catenanes is illustrated in Figure [1](#anie202003991-fig-0001){ref-type="fig"} a. In the first step, a dsDNA ring (ring A) with two ss‐regions (a1 and a2) is assembled from ODNs by thermal annealing. To achieve the mechanically interlocked structure, an ODN from the second dsDNA ring (ring B) is threaded through ring A and hybridizes to it through the complementary ss‐region a1 and b1. The remaining ODNs of ring B are added to form the second dsDNA ring (ring B) also containing two ss‐regions (b1 and b2), resulting in a Cat^hyb^. To enhance the stability of the whole structure, all ODNs are enzymatically ligated using T4 DNA ligase. The rings are designed[9](#anie202003991-bib-0009){ref-type="ref"} to increase the threading of the ODN through ring A; nevertheless, some will hybridize without threading through the ring and will result in hybridized but not mechanically interlocked \[2\]catenanes. To separate these from the properly assembled catenanes, a so‐called "release ODN" (R‐ODN) is added, which has a complementary sequence to the ss‐region a1 of ring A and can separate ring B from ring A through toehold‐mediated strand displacement. Consequently, the Cat^hyb^ is converted into a Cat^mec^. Only in mechanically interlocked catenanes, the two rings will stay interlocked while all the non‐interlocked two‐ring hybrids will disassemble into the two rings. The Cat^mec^ can be separated from dsDNA rings by weak anion‐exchange high‐performance liquid chromatography (HPLC) purification (Supporting Information, Table S1). After purification, a so‐called "reverse ODN" (RR‐ODN), which is complementary to R‐ODN, is added to remove R‐ODN from the ss‐region a1, allowing ring B to hybridize again to ring A and restore the Cat^hyb^ (for sequences see the Supporting Information, Figure S1, Tables S2 and S3).

![Assembly and characterization of the Cat^hyb^. a) Schematic for a Cat^hyb^ assembly. b) Analysis of Cat^hyb^ assembly with 6 % native PAGE. Lane 1, ring A; lane 2, ring B; lane 3, catenane after ligation; lane 4, catenane after addition of R‐ODN; lane 5, catenane purified by weak anion exchange HPLC; lane 6, catenane after adding RR‐ODN. c) AFM images of the hybridized \[2\]catenane.](ANIE-59-12455-g001){#anie202003991-fig-0001}

The assembly process and switching between the Cat^hyb^ and Cat^mec^ was characterized by 6 % native polyacrylamide gel electrophoresis (PAGE; Figure [1](#anie202003991-fig-0001){ref-type="fig"} b). After the R‐ODN was added (Figure [1](#anie202003991-fig-0001){ref-type="fig"} b, lane 4), the migration of the \[2\]catenane became slower, indicating the Cat^hyb^ to Cat^mec^ conversion.[8a](#anie202003991-bib-0008a){ref-type="ref"}, [10](#anie202003991-bib-0010){ref-type="ref"} Furthermore, the band of DNA rings became more intense, suggesting that the hybridized but non‐interlocked DNA rings have been separated into the two individual DNA rings by the addition of the R‐ODN. After RR‐ODN was added to the HPLC‐purified product (Figure [1](#anie202003991-fig-0001){ref-type="fig"} b, lane 6), the electrophoretic mobility of the \[2\]catenane was restored to that of the \[2\]catenane prior to the addition of R‐ODN (Figure [1](#anie202003991-fig-0001){ref-type="fig"} b, lane 3) indicating that the Cat^mec^ had been converted into the Cat^hyb^. Tapping mode atomic force microscopy (AFM) analysis in liquid also confirmed the formation of the hybridized catenane (Figure [1](#anie202003991-fig-0001){ref-type="fig"} c; Figure S2).

The thermal switching behavior of the Cat^hyb^ is controlled by the melting temperature (*T* ~m~) of the hybridized region (HR) between ss‐regions a1 and b1. *T* ~m~ can be defined as the temperature at which half of the HR is dissociated to single‐stranded DNA (ssDNA), and in this case generates the Cat^mec^. To examine the switching process of the Cat^hyb^, we labeled two ODNs from the DNA architecture with the fluorophore (6‐FAM) on one ring and the quencher (BHQ®‐1) on the other ring (Figure [2](#anie202003991-fig-0002){ref-type="fig"} a). Below the *T* ~m~, the HR largely remains in the hybridized state with the fluorophore and quencher in close proximity, leading to a low fluorescence intensity. As temperature increases HR begins to melt and the Cat^hyb^ is converted into the Cat^mec^. In that state, fluorophore and quencher separate, an increase of fluorescence intensity results. As a proof of concept, we first designed a Cat^hyb^ with a nine base pairs hybridization sequence in its HR (named G9, the sequence is shown in Table [1](#anie202003991-tbl-0001){ref-type="table"}).

![Thermal switching between Cat^hyb^ and Cat^mec^. a) Schematic depiction of the mechanism of thermal switching of the Cat^hyb^ to Cat^mec^. b) Temperature‐dependent fluorescence intensity of 20 μL of 100 n[m]{.smallcaps} Cat^hyb^‐G9 with an initially quenched FAM (red), 20 μL of 100 n[m]{.smallcaps} Cat^mec^ positive control that has a non‐quenched FAM (black), and 20 μL of 100 n[m]{.smallcaps} of the Y‐shaped negative control (blue). c) Structure of the Y‐shaped negative control construct (for structures and sequences see the Supporting Information, Figure S3 and Table S2). d) Temperature‐dependent fluorescence intensity of Cat^hyb^‐G5T5 (black), Cat^hyb^‐G7T2 (blue), Cat^hyb^‐G7T3 (red), and Cat^hyb^‐G9 (pink; S.D., *n*=3). e) Temperature‐dependent fluorescence intensity of hybridized but non‐interlocked ring A and ring B with HR of G9 at 50 n[m]{.smallcaps} (black), 100 n[m]{.smallcaps} (red), 200 n[m]{.smallcaps} (blue), and 300 n[m]{.smallcaps} (pink; S.D., *n*=3). f) Temperature‐dependent fluorescence intensity of the Cat^hyb^‐G9 at 50 n[m]{.smallcaps} (black), 100 n[m]{.smallcaps} (red), 200 n[m]{.smallcaps} (blue), and 300 n[m]{.smallcaps} (pink; S.D., *n*=3).](ANIE-59-12455-g002){#anie202003991-fig-0002}

###### 

Sequences of different HRs in the Cat^hyb^.

+------------+----------------------+--------+---------+------------+
| HR domains | Sequence             | Length | GC      | *T* ~m~    |
|            |                      |        |         |            |
|            |                      | \[nt\] | content | \[°C\]     |
+:==========:+:====================:+:======:+:=======:+:==========:+
| G5T5       | a1: 5′‐AAAAAGCGCC‐3′ | 10     | 50.0 %  | 37.00±0.04 |
|            |                      |        |         |            |
|            | b1: 3′‐TTTTTCGCGG‐5′ |        |         |            |
+------------+----------------------+--------+---------+------------+
| G7T2       | a1: 5′‐CGCAGAGCC‐3′  | 9      | 77.8 %  | 40.50±0.02 |
|            |                      |        |         |            |
|            | b1: 3′‐GCGTCTCGG‐5′  |        |         |            |
+------------+----------------------+--------+---------+------------+
| G7T3       | a1: 5′‐CCTGCTGCTC‐3′ | 10     | 70.0 %  | 47.50±0.02 |
|            |                      |        |         |            |
|            | b1: 3′‐GGACGACGAG‐5′ |        |         |            |
+------------+----------------------+--------+---------+------------+
| G9         | a1: 5′‐CGCCGGGCC‐3′  | 9      | 100.0 % | 55.00±0.02 |
|            |                      |        |         |            |
|            | b1: 3′‐GCGGCCCGG‐3′  |        |         |            |
+------------+----------------------+--------+---------+------------+

Wiley‐VCH Verlag GmbH & Co. KGaA

As shown in Figure [2](#anie202003991-fig-0002){ref-type="fig"} b (red curve), in the DNA catenane buffer (DC buffer: 10 m[m]{.smallcaps} Tris‐HCl, 1 m[m]{.smallcaps} ethylenediaminetetraacetic acid (EDTA), 25 m[m]{.smallcaps} MgCl~2~, pH 8.0) the fluorescence intensity of the Cat^hyb^‐G9 increased as the temperature rose from 42 °C to 62 °C, indicating the melting of the HR and conversion of the static Cat^hyb^‐G9 to the mobile Cat^mec^. The red curve indicates that the Cat^hyb^‐G9 is fully converted into Cat^mec^ at 62 °C. However, above 62 °C the fluorescence intensity of the Cat^hyb^‐G9 began to decrease with further rising temperature, which is consistent with a phenomenon that was previously observed to be a temperature‐dependent characteristic of 6‐FAM.[11](#anie202003991-bib-0011){ref-type="ref"} Similarly, we observed an influence of temperature on the emitted non‐quenched fluorescence signal also with a different fluorophore (Figure S4) or in a different buffer system (Figure S5). As expected, the fluorescence intensity of a Cat^mec^ positive control that has a non‐quenched 6‐FAM, also decreased with increasing temperature (Figure [2](#anie202003991-fig-0002){ref-type="fig"} b, black curve). This curve allows distinguishing the temperature‐dependent fluorescence of FAM alone from the overall fluorescence changes that are caused by the conversion from Cat^hyb^ into the mechanically interlocked DNA nanojoint. The fluorescence intensity of the "Y"‐shaped negative control (Figure [2](#anie202003991-fig-0002){ref-type="fig"} b, blue curve) containing a 24 bp HR (Figure [2](#anie202003991-fig-0002){ref-type="fig"} c; Figure S3), remained unchanged when the temperature rose from 42 °C to 62 °C, indicating constant FAM quenching because of the stable fluorophore and quencher arrangement in this structure.

The temperature‐response range of the Cat^hyb^ is tunable by changing the length and sequence of HR without having to modify the whole nanostructure. As a proof of concept, we synthesized three other Cat^hyb^ ODNs---G5T5, G7T2, and G7T3---with different HR sequences that differ either in length or in their guanine--cytosine (GC) content (Table [1](#anie202003991-tbl-0001){ref-type="table"}) and measured their melting curves. As shown in Figure [2](#anie202003991-fig-0002){ref-type="fig"} d, in the DC buffer the melting region of the Cat^hyb^ at 100 n[m]{.smallcaps} can change from low temperature (black curve, Cat^hyb^‐G5T5, 24.50±0.01 °C--45.00±0.02 °C, S.D., *n*=3) to high temperature (pink curve, Cat^hyb^‐G9, 42.00±0.01 °C--62.00±0.01 °C, S.D., *n*=3) by increasing the GC content or by increasing the number of base pairs in HR. Additionally, the melting regions of the Cat^hyb^ ODNs are comparable to the *T* ~m~ of DNA systems that consist of non‐interlocked dsDNA strands with the same sequences and the same concentration (Figure S6).

In general, the *T* ~m~ and melting curves are strongly influenced by strand concentration when two ssDNA strands interact.[12](#anie202003991-bib-0012){ref-type="ref"} However, in an interlocked structure, the dsDNA rings will remain interlocked during the conversion of Cat^hyb^ into the Cat^mec^, which means that the ss‐gap on the DNA rings could only hybridize with their counterparts in the same interlocked structure because of the catenation of the rings. This characteristic of DNA catenanes greatly reduces the influence of the strand concentration in the melting process. The *T* ~m~ and melting region of hybridized but non‐interlocked ring A and ring B (Figures [2](#anie202003991-fig-0002){ref-type="fig"} e,f; sequences are presented in Table S4) with HR of G9 shifted when the concentration of the dsDNA rings increased from 50 n[m]{.smallcaps} to 300 n[m]{.smallcaps} (Figure [2](#anie202003991-fig-0002){ref-type="fig"} d); however. the *T* ~m~ and melting range of the Cat^hyb^‐G9 remained largely unchanged when the concentration of the Cat^hyb^‐G9 increased from 50 n[m]{.smallcaps} to 300 n[m]{.smallcaps} (Figure [2](#anie202003991-fig-0002){ref-type="fig"} e). This result indicates that the catenanes are well suited as robust and sensitive nanothermometers since their response to temperature can be finely tuned by changing only the HR and is independent from the concentration of the structure itself.

Subsequently, we studied the thermal reversibility of the conversion of Cat^hyb^ to Cat^mec^. Since the HR consists of only two short ss‐regions, the Cat^hyb^ can be easily restored to its original form at temperatures below *T* ~m~. We measured the time‐dependent change of fluorescence intensity when the Cat^mec^‐G9 was cooled from 65 °C down to 24 °C, and found that the fluorescence intensity decreased rapidly in the first 20--25 minutes (Figure [3](#anie202003991-fig-0003){ref-type="fig"} a, red), which was similar to the mixture of ring A‐G9 and ring B‐G9 (Figure [3](#anie202003991-fig-0003){ref-type="fig"} a, black). This finding indicates that Cat^mec^ can be converted into Cat^hyb^ without requiring special annealing processes. The thermal reversibility test was performed by a temperature cycling between 42 °C and 60 °C with a fast rate of 3 °C s^−1^, and the sample was incubated at 42 °C for 20 minutes and at 60 °C for 5 minutes in each cycle (Figure [3](#anie202003991-fig-0003){ref-type="fig"} b). The fluorescence change of the Cat^hyb^‐G9 showed no indication of fatigue after 10 temperature cycles (Figure [3](#anie202003991-fig-0003){ref-type="fig"} c; Figure S7). The negative control construct with its longer HR that did not melt at 60 °C remains unchanged during the temperature cycles (Figure [3](#anie202003991-fig-0003){ref-type="fig"} c, blue). Although each dsDNA ring in the Cat^hyb^‐G9 contains two different ss‐regions (Figure [1](#anie202003991-fig-0001){ref-type="fig"} a), and hybridization to the wrong ss‐region would not result in signal quenching, the fluorescence intensity of the Cat^hyb^‐G9 at 42 °C in each temperature cycle remained the same, which indicates that the two dsDNA rings hybridize correctly when the Cat^mec^ is cooled and converts into Cat^hyb^‐G9 because of the specificity of Watson--Crick base pairing.

![Thermal reversibility of the Cat^hyb^ to Cat^mec^ interconversion. a) Time‐dependent change of fluorescence intensity of the mixture of ring A‐G9 and ring B‐G9 (black, 100 n[m]{.smallcaps}) and the Cat^mec^‐G9 (red, 100 n[m]{.smallcaps}) in DC buffer (S.D., *n*=3). b) Diagram of the temperature cycling between 42 °C and 60 °C. c) Fluorescence intensity of 6‐FAM (red), Cat^hyb^‐G9 (black), and the quenched negative control (blue) at 42 °C and 60 °C (S.D, *n*=3).](ANIE-59-12455-g003){#anie202003991-fig-0003}

In conclusion, we have demonstrated design, assembly, characterization by gel electrophoresis, AFM analysis, and fluorescence detection of a new class of thermal responsive nanojoints. The described DNA nanostructures consist of two interlocked dsDNA rings that are connected through a HR and can reversibly switch between the static and mobile state at different temperatures through the melting and rehybridization of its HR. The temperature response range of the nanojoint can be easily fine‐tuned by changing the length and/or the GC content of the HR sequence. In comparison with previously reported DNA thermoresponsive systems, these nanojoints provide serval unique features suitable for creating functional temperature‐sensitive DNA nanostructures. First, the nanojoint switches from the static state to the mobile state instead of disassembling at high temperature, which provides controlled and confined mobility between different components while keeping the whole nanostructure intact. Second, the nanojoint can be easily reversed without a special annealing process. Finally, unlike systems that consist of separated components, the temperature response range of the interlocked nanojoint remains essentially unaffected by its concentration because of its interlocked structure.
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